Celichowski J. Contractile properties of motor units and expression of myosin heavy chain isoforms in rat fast-type muscle after volitional weight-lifting training.
RESISTANCE EXERCISE TRAINING induces intrinsic morphological, biochemical, and physiological modifications in muscle fibers (2, 16, 18, 42) that, along with neural mechanisms (24) , notably contribute to gains in muscle force production capacity. Muscle force results from the contractions of motor units (MUs) with different properties. The physiological characteristics of MUs are substantially determined by specific myosin heavy chain (MyHC) isoforms expressed in the muscle fibers of MUs, which constitutes the molecular basis of their functional diversity (7) . In the hindlimb muscles of adult mammals, slow fast fatigue-resistant (FR), fast intermediate, and fast fatigable (FF) MUs, composed of muscle fibers expressing predominantly type 1, 2a, 2x and 2b MyHC isoforms, respectively, have been recognized so far (36) .
It has been documented that relatively short exposure to resistance training modifies the skeletal muscle MyHC isoform protein content and shifts the metabolic profile toward more oxidative and slower MUs both in young and adult humans with downregulation of 2x coupled with upregulation of 2a isoforms (10) , and in rats with downregulation of 2b coupled with upregulation of 2x isoforms (4) . In humans, short-term resistance training evokes hypertrophy and increases the force of type 1, 2a, and 2ax (i.e., hybrids containing two types of myosin isoforms) MyHC muscle fibers (51) . After resistance exercise, modifications to the properties of MUs have also been noted. In human thenar MUs, the maximum force of slower and fatigue-resistant units increased, while significantly lower force and greater fatigue resistance were observed in faster and more fatigable units after only a few days of involuntary training (12) . Moreover, shortening of the twitch time to the peak force of MUs was reported following dynamic training (26) .
Despite advancements in the characterization of these adaptations, it is uncertain whether a change in the MyHC profile is a prerequisite for enhanced MU force production capability, or if this change exerts any functional effect on muscle fiber contractility (8) , especially at the early stage of resistance training (4) . For example, it has been shown that initial changes in muscle strength are not strongly related to alterations in the relative MyHC content (10) . Also, it is unknown whether training-related modifications to contractile kinetics are associated with changes in specific Ca 2ϩ regulatory protein expression. To better explore these fundamental issues, the objective of the present study was to determine the association between quantitative alterations in the physiological properties of MUs with various physiological characteristics in situ and qualitative modifications in muscle MyHC and Ca 2ϩ sequestrating protein expression as a result of a short-term progressive resistance training program. Considering the training-related alterations in the molecular and functional profile (12, 46) described above, it was expected that fast fatigable MUs would become more fatigue resistant. Also, we hypothesized that, to induce muscle strength gains, there must be a total positive effect of training on the maximum force of MUs, and the greatest force gains would be observed predominantly in fast MUs with intermediate contractile characteristics. Furthermore, we assumed that the contractile speed of fast MUs would increase and that this would be mediated by changes in Ca 2ϩ -handling protein gene expression in muscle.
METHODS

Study design and animal care. Twenty male Wistar rats (15 wk old)
were randomly assigned to either the control sedentary group (C; n ϭ 10) or the weight-lifting group (WL; n ϭ 10). The animals were housed in standard cages in a room with the humidity and temperature maintained at 55 Ϯ 10% and 22 Ϯ 2°C, respectively, and with a 12:12-h dark-light daily cycle. All rats learned to use the weightlifting apparatus during a 2-wk adaptation period. Thereafter, the WL animals were subjected to a 5-wk voluntary progressive weight-lifting program while C rats were restricted to standard cage activity. Weight lifting was performed during two 30-min sessions daily (in the morning and afternoon with a 6-h break between), 5 days/wk, for 5 wk. Within 48-72 h after the completion of the lifting program, animals were subjected to acute terminal experiments, and muscle samples for biochemical analyses were obtained from all rats. All experimental procedures were accepted by the Local Ethics Committee for Animal Research and performed in accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences, European Union guidelines, and Polish Law on Protection of Animals.
Feeding schedule. Animals were fed with a standard commercial chow (Labofeed B, Poland) and had free access to water. Twenty-four hours before the first adaptation session, rats were fasted to become motivated to lift the loads. During exercise sessions, WL rats used the weight-lifting apparatus to get the food while C rats had 30 min of free access to food in separate cages. In the evening, rats were supplemented with an additional 12 g of chow/animal. On every exercise day, the amount of food eaten by individual animals was registered and balanced between C and WL rats whenever required. Every week, after the 5th day of exercise, rats were supplemented with 60 g of chow, which lasted until the start of the next week.
Learning weight lifting. Weight-lifting exercises were performed in a custom made exercise apparatus ( Fig. 1 ) developed originally by Klitgaard (35) and modified according to Legerlotz et al. (37) . To perform a successful lift, the rats had to enter the apparatus, assume a squat-like posture, pass their head through the collar ring, support it on the shoulder girdle, and rear up on the hindlimbs to raise the assembly with attached weights by knee and ankle extension to obtain the food from the food holder (Fig. 1) . In the 1st wk, rats learned to take pellets of chow from the freely available food holder. Thereafter, the holder was progressively raised in 3-cm steps until the approximate maximal reaching range for an individual rat was attained. In the 2nd wk, rats learned to pass their head through the collar and lift up the weighted system. The collar was progressively lowered in 2-cm steps until the full squat-like posture was reached. The suspension position of the collar ring and food holder was individually accommodated to the size of the rat to maximize the range of lifting motion through ankle and knee extension. Finally, external weights were progressively added to the system until the rat could lift a load corresponding to its own body mass.
One-repetition maximum estimation and exercise load. The maximum lifting ability was assessed weekly on the basis of the onerepetition maximum (1 RM) test performed during the first exercise session. The test started by applying an external load amounting to ϳ200% of the rat's body mass. External loads weighing from 10 to 50 g were added or removed in subsequent lifting attempts until 1 RM was determined (based on visible difficulty in lifting). Next, the load was immediately reduced to the target level prescribed in a given week. As recommended for novice healthy human adults (45) , the load increased initially by ϳ5% weekly from 70 up to 85% of 1 RM within the first 4 wk and was maintained at this target level in the final week of exercise.
Control of weight lifting. Training intensity was controlled weekly by counting the number of full and partial lifts during two randomly chosen sessions. For two rats, the vertical displacement of the load was recorded by a linear transducer (Peltron, Poland) attached to the ring assembly. The force generated by the rat during each lifting (concentric) movement was then estimated as follows: assuming that: t a ϭ tlif Ϫ tg, and alif ϫ ta ϭ g ϫ tg, and h ϭ alif ϫ t a 2 /2 ϩ g ϫ t g 2 /2, where t a is active acceleration due to muscle activity, tg is deceleration from velocity gained from active acceleration, tlif is total time of elevation, h is maximum elevation, alif is lifting acceleration that appears due to acting force (which is larger than weight of the load) generated before the load starts to decelerate in gravity, and g is gravitational acceleration (9.81 m/s 2 ). Then:
where Fc is concentric movement force, ml is mass of the load, and mr is mass of the rat. were: 1, the base platform; 2, the cage; 3, the corridor; 4, the limiter; 5, the Plexiglas cylinder; 6, the top plate; 7, weights on top of the plate connected to the ring; and 8, the food tube.
The force absorbed by the rat during the lowering (eccentric) movement was estimated using the same formula (3) . In this case, the force generated by the muscles had to decelerate the mass of the rat and the loaded mass initially accelerated by the force of gravity.
The work performed during the concentric and absorbed during eccentric movements was then calculated by multiplying the estimated forces and the maximum elevation of the load. The power performed during the concentric and absorbed during eccentric movements was calculated by dividing the work by the total time to maximally elevate or lower the load, respectively.
Surgery, stimulation, and recording. Anesthesia of the animals was induced by an intraperitoneal injection of pentobarbital sodium (initial dose 60 mg/kg) and maintained by additional doses of 10 mg/kg supplemented approximately every hour. The depth of anesthesia was controlled throughout the entire experiment by observation of pinna and limb withdrawal reflexes. Experiments were terminated by administration of a lethal dose of pentobarbital (180 mg/kg).
The surgical preparation and electrophysiological procedures were performed as described previously (39) . Briefly, the left medial gastrocnemius (MG) was dissected from the surrounding tissues, and the L4 and L5 ventral roots were exposed by laminectomy. The MG muscle was connected via a low-compliance surgical thread to an inductive force transducer and stretched up to a passive force of 100 mN, at which the majority of its MUs generate maximum twitch amplitudes (11) . The cut ventral roots were split under the microscope with the forceps (Dumont 5.0) into thinnest possible filaments which were stimulated by rectangular electrical pulses of 0.1 ms duration and variable voltage, up to 0.5 V (model S88; Grass Instrument). This procedure of MU isolation was repeated until the action potential recorded with a bipolar silver wire electrode (inserted in the central part of the muscle belly) and the twitch force were of the "all-or-none" type, which was achieved by finely adjusting the stimulus amplitude around the threshold value (usually 10 -30 stimuli). The isolation of single MU was further verified during the off-line analysis of recordings. The force of the MUs was measured under isometric conditions. The core temperature of the body was automatically maintained by a close-loop temperature controller at a constant level of 37 Ϯ 1°C during the entire experiment.
Testing protocol, data analyses, and motor unit classification. The stimulation protocol aimed to evoke 1) five twitches (5 pulses at 1 Hz); 2) the unfused tetanus (500 ms, 40 Hz); 3) the maximum tetanus (300 ms, 150 Hz); 4) nine successive 500-ms tetanic contractions at 10, 20, 30, 40, 50, 60, 75 , 100, and 150 Hz; and 5) five twitches (5 pulses at 1 Hz). Each step and particular stimulations within the step 4 of the protocol were separated by 10-s intervals. The protocol ended with the standard fatigue test, i.e., 325-ms trains at 40 Hz delivered one time per second (9) for 3 min. For each MU, the peak force, the contraction time (CT), the half-relaxation time (HRT), and the CTto-HRT ratio were calculated for averaged initial twitch responses. The peak force of the maximum tetanus contraction was measured, and the twitch-to-tetanus force ratio was calculated. The peak force responses of contractions evoked at 1-to 150-Hz stimulations were measured to plot the force-frequency curves. The frequency required to evoke 60% of the maximum force (frequency 60%) was then estimated by linear interpolation as described previously (39) . The fatigue index was calculated as a reverse ratio of the peak force of contraction evoked at the initial part of the fatigue test and the peak force of contraction generated 2 min later. Also, peak forces of tetanic contractions were measured every 5 s during the initial 20 s and additionally every 10 s throughout the rest of the fatigue test, and expressed as a percentage of peak force of the second tetanus from the test (Fig. 4) . Based on Baker et al. (3), the course of the fatigue test was divided into the three theoretical time zones representing dominant sources of energy production by ATP regeneration during contractile activity [the phosphagen system (0 -15 s), glycolysis (15-60 s), and mitochondrial respiration (60 -180 s)].
MUs with a sag in force profile were classified as fast ones while those without a sag were considered slow ones (9) . Fast units were classified as the FF type when the fatigue index was below 0.5 or as the FR type when the index exceeded 0.5 (25) . The analyses revealed substantial exercise effects in MUs with intermediate fatigue indexes. Therefore, to better illustrate the studied effects, for some analyses, fast units were additionally categorized into the most fatigable F0.00-0. 25 RNA isolation and quantitative PCR. Analyses of gene and protein expression were performed on the right MG muscles not used for electrophysiological experiments, dissected before these experiments and weighed. The red portion of the muscle was carefully excised and immediately frozen in liquid nitrogen. The muscle samples were used for measuring the abundance of selected transcripts. Frozen tissue samples were homogenized in 1 ml Trizol reagent (Invitrogen, Carlsbad, CA), and total RNA was extracted according to the manufacturer's protocol. The RNA concentration was measured using an ND-1000 Spectrometer (NanoDrop Technologies, Montchanin, DE). Reverse transcription was performed with the Omniscript Reverse Transcriptase enzyme (Qiagen, Valencia, CA) at 37°C for 60 min. The qPCR reactions were performed using Assay-On-Demand TaqMan probes (Myh7: Rn01488777_g1; Myh2: Rn01470656_m1; Myh1: Rn01751056_m1; Myh4: Rn01496087_g1; Pvalb: Rn00574541_m1; Atp2a2: Rn00568762_m1; Atp2b1: Rn01502902_m1) according to the manufacturer's protocol (Applied Biosystems, Foster City, CA) and were run on the CFX96 Real-Time system (Bio-Rad, Foster City, CA). For each reaction, ϳ50 ng of cDNA synthesized from a total RNA template (isolated from an individual animal) were used. Expression of the hydroxymethylbilane synthase transcript with stable levels following experimental conditions was quantified (Rn00565886_m1) to control for the variation in cDNA amounts. The abundance of RNA was calculated as 2 Ϫ(threshold cycle) . Protein extraction. Muscle samples weighed from 20 to 50 mg. They were frozen in liquid nitrogen, ground to a fine powder, and ultrasonicated (UP 50H sonicator; Hielscher Ultrasonics, Teltow, Germany) on ice (3ϫ for about 20 s) with 10 vol (vol/wt) of buffer consisting of 62.5 mM Tris, pH 6.8, 10% glycerol, 2.5% SDS, and a protease inhibitor cocktail (Thermo Scientific Protease Inhibitor Cocktail, no. 78415). Thereafter, sonication samples were incubated for 1 h under gentle agitation (HulaMixer; Invitrogen) at room temperature. Samples were then centrifuged for 30 min at 25,000 g, and supernatants were transferred to fresh microcentrifuge tubes. Protein concentration in extract solution was measured using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE). The remaining extracts were stored at Ϫ80°C until further analysis.
Myosin extraction and SDS-PAGE. SDS-PAGE was carried out according to Mizunoya et al. (40) . The separating gels were composed of 35% glycerol and 8% acrylamide-N,N=-methylene-bis-acrylamide (99:1), and stacking gels were composed of 30% glycerol and 4% acrylamide-N,N=-methylene-bis-acrylamide (50:1). Myosin extracts were mixed with 2ϫ Laemmli Sample Buffer (no. 161-0737; BioRad, Hercules, CA) in a 1:1 proportion with the addition of 2.5% 2-mercaptoethanol and denatured at 95°C for 5 min. Gels were loaded with 2 g of protein, and electrophoresis was carried out in a Mini-Protean II electrophoresis system (Bio-Rad Laboratories) at a constant voltage of 40 V for 30 min and then at 140 V for 8 h at 4°C. The gels were stained with 0.1% Coomassie brilliant blue R-250 in 25% methanol and 10% acetic acid and destained with several changes of methanol/acetic acid. Densitometric analysis of slow (type 1) and fast (type 2) MyHCs was performed using Scion Image for Windows Beta 4.0.2 (Scion, Frederick, MD) and a UVItec system equipped with a COHU High Performance CCD Camera (Uvitec, Cambridge, UK). The proportions of MyHC-1 and MyHC-2 were expressed as the relative percentage of the total amount of MyHC present in biopsies from the MG.
Statistical analyses. MG muscle masses, MU contractile parameters, MyHC, and Ca 2ϩ -handling protein gene expression and MyHC muscle content were compared with the parametric Student's t-test or nonparametric Mann-Whitney U-test. To detect potential changes in the distribution of MUs, the studied units for each group (WL and C) were pooled together, assigned to the particular MU categories, and tested with the Chi square test. In fast MUs, the force profiles during the fatigue test were checked separately for the 2-15, 15-60, 60 -180 s time periods with the two-way repeated-measures analysis of variance (ANOVA) with group (WL vs. C) and time (specified time moments in METHODS) as the factors. Changes in the force-frequency relationships of MUs were verified with the two-way ANOVA with group (WL vs. C) and frequency (specified stimulation rates in METHODS) as the factors. Also, two-way ANOVA was used with group (WL vs. C) and exercise period (particular weeks) as the factors for the analysis of body mass and food consumed, and with movement type (concentric vs. eccentric) and exercise period (particular weeks) as the factors for the analysis of work, power, and time during lifting repetitions. Mauchly's sphericity test was computed, and, when the sphericity assumption was violated, the Greenhouse-Geisser adjustment was made. Pairwise comparisons were performed with multiple post hoc tests after the Bonferroni correction when the two-way ANOVA was significant. The effects of exercise on the 1 RM load mass, exercise load mass, the number of lifts per session, and the vertical displacement of weight over the study period were tested with one-way repeated-measures ANOVA or Friedman's ANOVA on ranks; pairwise post hoc comparisons were performed with the HolmSidak method when necessary. The Pearson Product-Moment Correlation was used to express associations between the frequency required to evoke 60% of the maximum force and the sum of MU contraction and half-relaxation times. All values are reported as means Ϯ SD. The level of significance was set at P Ͻ 0.05.
RESULTS
Food consumed, body and muscle mass. WL and C rats ate on average 5.6 Ϯ 1.7 and 5.9 Ϯ 1.6 g of food, respectively, during a single exercise session. The amount of food eaten increased in the first weeks of the study for both groups of animals, and then decreased slightly during the next week [significant effect of exercise period: F(6,108) ϭ 11.141; P ϭ 0.000], but with no effect of group [F(1,18) ϭ 0.348; P ϭ 0.562] nor an interaction effect between group and exercise period [F(6,108) ϭ 1.324; P ϭ 0.278]. The body mass of animals increased similarly throughout the study [significant effect of time: F(7,126) ϭ 659.620; P ϭ 0.000, but no effect of group: F(1,18) ϭ 0.118; P ϭ 0.735, nor an interaction effect between group and exercise period: F(7,126) ϭ 0.565; P ϭ 0.762] (Fig. 2A) . Absolute and normalized muscle weights did not differ between groups ( Table 1) .
Control of weight lifting. Figure 2B shows the course of a single exercise session. The average number of full and partial lifts amounted to 7.5 Ϯ 2.6 and 4. (Fig. 2C ). In the final week, the absolute 1 RM and exercise load lifted were 66.8% (P ϭ 0.000) and 105.7% (P ϭ 0.000) higher than in the 1st wk, respectively. The average vertical displacement distance of load during lifts was 30.5 Ϯ 14.7 mm and did not change over the course of the study ( in the muscle of exercised rats amounted to 18.9 Ϯ 3.4% (mean Ϯ SD) and was not significantly different (P ϭ 0.48) from the MyHC-1 percentage in the C group (15.7 Ϯ 3.5%). The percentage of the sum of MyHC-2a and MyHC-2x in the gastrocnemius muscle of WL rats amounted to 57.4 Ϯ 2.0% and was not significantly different (P ϭ 0.80) from in C rats (56.8 Ϯ 1.5%). The percentage of MyHC-2b was 27.5 Ϯ 4.4% and 23.8 Ϯ 4.3% in the C and WL groups, respectively, and did not differ significantly (P ϭ 0.44). The percentages of different types of MUs isolated in C and WL rats did not change ( 2 2 ϭ 5.088, P ϭ 0.079; Fig. 3, A-C) .
MyHC and Ca 2ϩ -handling gene expression. No significant differences (P Ͼ 0.05) in the mRNA levels of MyHC genes, i.e., slow isoform (Myh7), fast 2a (Myh2), fast 2x (Myh1), and fast 2b (Myh4), were found between the WL and C groups (Fig. 3D) in the studied muscle. Moreover, no significant differences (P Ͼ 0.05) in parvalbumin (Pvalb), SERCA2 (Atp2a2), or SERCA1 (Atp2b1) were observed after training.
Fatigability. Although the fatigue index values for the three types of MUs did not differ between the C and WL groups (Table 2) , the profile of changes in force during the fatigue test was modified in fast MUs after weight lifting (Fig. 4) . For FF MUs of WL rats, the force declined 14% less within the initial 15 s [time frame "a" on Fig. 4A , with a significant interaction effect between group and time: F(2,182) ϭ 6.692; P ϭ 0.008 and a significant effect of group: F(1,91) ϭ 9.964; P ϭ 0.006] and was then maintained at a higher level from the 15th to the 60th s [time frame "b" on (Fig. 5) . As a result, the maximum tetanus force increased by ϳ21% in fast and by ϳ49% in slow MUs ( Table 2 ). The maximum tetanus force was increased in FR units and unaltered in FF MUs (Table 2) . However, the more detailed analysis revealed that in fact the maximum tetanus force increased by 41% in F 0.25-0.75 units and by 23.5% in F 0.75-1.00 units while only in F 0.00 -0.25 units were unchanged (Fig. 6A) . The twitch force was not modified when assessed according to the main MU types (Table 2 ), but it was decreased for the F 0.75-1.00 subpopulation of MUs (Fig.  6B) . Weight lifting decreased the twitch-to-tetanus force ratio in FR MUs (Table 2) , specifically in the F 0.75-1.00 subpopulation of units (Fig. 6C) .
Time-related contractile properties and force-frequency relationship. The contractile parameters of the MUs in the studied animals are presented in Table 2 . Representative twitches of fast MUs are shown in Fig. 7A . Weight lifting shortened the twitch contraction time (Table 2 ) and shifted its distribution toward lower values in fast and slow units (Fig.  7B) . However, the detailed analysis revealed that, within the entire population of fast units, the twitch contraction was significantly shortened in FR units (Table 2 and Fig. 6D ). The twitch half-relaxation time was also shortened after training in fast units (Table 2 and Fig. 7C ). Nevertheless, a significant change was noted in the F 0.25-0.75 and F 0.75-1.00 subpopulations (Fig. 6E) . The CT-to-HRT ratio, representing shape of the twitch force profile, was not modified (Table 2) .
Weight-lifting exercise modified the force-frequency relationship in FR [F(8,568) ϭ 24.048; P ϭ 0.000; Fig. 8C ] and in slow [F(8,280) ϭ 2.790; P ϭ 0.006; Fig. 8E ] MUs, but not in FF MUs [F(8,760) ϭ 1.945; P ϭ 0.138; Fig. 8A ]. The forcefrequency curves were shifted to the right (i.e., toward higher stimulation rates), especially for FR units (Fig. 8) , with a significant effect of group for FR units [F(1,71) ϭ 42.722; P ϭ 0.000; Fig. 8C ], but not for FF [F(1,95) ϭ 2.510; P ϭ 0.116; Fig. 8A ] or slow [F(1,35) ϭ 2.274; P ϭ 0.141; Fig. 8E ] MUs. Post hoc analyses indicated that, in WL rats, the relative forces generated were lower at stimulation frequencies from 1 to 100 Hz for FR units, at 20 Hz for slow units, and at 30 Hz for FF units. The stimulation frequency necessary to produce 60% of the maximum force was increased only in FR units (FF C: 31.1 Ϯ 14.7 vs. FF WL: 35.7 Ϯ 13.9, P ϭ 0.071; FR C: 29.4 Ϯ 7.4 vs. FR WL: 40.1 Ϯ 6.4, P ϭ 0.000; slow C: 19.6 Ϯ 3.8 vs. slow WL: 21.6 Ϯ 3.8, P ϭ 0.057). Weight lifting did not modify the significant negative relationships existing between the summed twitch CT and HRT values and the stimulation frequency required to generate 60% of the maximum force, except for slow MUs in WL rats (Fig. 8, B, D, and F) .
DISCUSSION
Weight-lifting performance. In the present study, the initial exercise load lifted by the rats amounted to 130% of body mass (502 Ϯ 117 g), which was less than the 155% of body mass reported by Norenberg and Fitts (41), but more than the absolute mass of 455 Ϯ 117 g reported by Klitgaard et al. (34) who used similar volitional weight-lifting programs. Toward the end of the training period, rats were able to regularly lift a 250% of body mass load, which was also reported by Roy et al. (46) after the same period of time but greater than the 200% of body mass load used in the study by Norenberg and Fitts (41) . Rats improved their squat strength by 66.8% of 1 RM and by 51.6% of 1 RM/body mass over the training period, which was similar to values of 56% and 51%, respectively, reported by Barauna et al. (5) after a similar training period in the only other study in which rats preformed squat exercises controlled on the basis of the percentage of 1 RM.
Maximum force. By the end of the weight-lifting program, the mean values of maximum force for the entire population of fast MUs were increased by 21%, although only subpopulations of the most fatigue-resistant units (F 0.75-1.00 ), composed of type IIa muscle fibers (36) , and intermediate units (F 0.25-0.75 ), composed of IIx muscle fibers, contributed significantly to this gain, because the force of the strongest and most fatigable units (F 0.00 -0.25 ), composed of type IIb muscle fibers, was not changed. Among the fast MUs, the maximum force increased more in the subpopulation of units with intermediate contractile properties (41%) than in the most fatigue-resistant units (23.5%). The maximum force of slow MUs was also improved (49%) after exercise. The increase in MU forces seen in our study was similar to the 34 -40% increase in the force of type I, IIa, and IIax muscle fibers observed after dynamic resistance training in humans (51) .
In the present study, the improvement in the force-generating capacity of MUs was not associated with an increase in either muscle mass or a transition in MyHC isoforms. There are several possibilities suggesting that, at the early stage of resistance training, muscular force may increase without changes in muscle mass. First, it was originally reported by Jones and Ruthenford (31) that, in the initial stage of strength training in humans, an increase in muscle force occurred before any changes in muscle mass. The authors explained this finding by training-induced improvements in muscle-specific force. Subsequently, Norenberg and Fitts (41) revealed for the same kind of loading conditions that the peak normalized force of single type I and type IIa muscle fibers was increased, although the mass of the rat gastrocnemius muscle had not changed. Increased muscle fiber force production capacity due to an increased number of cross bridges formed per cross-sectional area of fiber was postulated as the most likely mechanism (41) . Second, Rader et al. (44) demonstrated that an increase in muscle fiber density with a concomitant decrease in fiber diameter contributes to improvements in the squat strength of rats before any muscle hypertrophy can be detected. These changes were seen in the soleus but not gastrocnemius muscle after 4 wk of weight-lifting training. Nevertheless, the authors concluded that the lack of effects in fast-type gastrocnemius muscle was related to the relatively low external loading applied (fixed 700 g). The same authors indicated that this morphological remodeling might be caused by muscle fiber splitting and perhaps result in increased metabolic efficiency and/or lateral force transmission of muscle fibers (44) . Third, the architectural modification of muscular tissue through an increase in muscle fiber length cannot be excluded as a reason for gains in MU force, since it may precede gains in muscle cross-sectional area (48) .
Speed of contraction and relaxation. The introduced strength training increased the contractile speed in fast and slow MUs. However, within fast units, the significant shortening of the twitch contraction time was restricted to the population of FR units. Also, the twitch relaxation was shortened in fast MUs. Nevertheless, shortening of relaxation was significant only in subpopulations of intermediate units (F 0.25-0.75 ) and most fatigue-resistant units (F 0.75-1.00 ). The speed of contraction and relaxation is primarily attributed to structural development and functional regulation of the myocellular sarco/endoplasmic reticulum (SR) and cytoplasmic Ca 2ϩ -handling systems (6) . Reduced duration of the twitch possibly reflects shortening of the Ca 2ϩ transient due to an increase in the concentration of Ca 2ϩ -binding and transporting proteins (i.e., parvalbumin or SR Ca 2ϩ pump) in the muscle fiber (6) . Increased chelating capacity can prevent some of the Ca 2ϩ released from the SR from binding to troponin C and reduce the twitch force (30) . In the present study, we did not find any differences in the gene expression of parvalbumin or Ca 2ϩ -ATPase pumps. Therefore, our results suggest rather an improvement in the functional regulation of intracellular Ca 2ϩ handling, e.g., increased rate of SR Ca 2ϩ uptake by Ca 2ϩ -ATPase activity. However, it has been shown in humans that progressive resistance training has no effect on SR Ca 2ϩ release, uptake, or Ca 2ϩ -ATPase activity, nonetheless, at later stages than those tested in this study (22, 29, 38) . One possible explanation of this ambiguity might be that, at an early stage of resistance training (as in this study), the contractile speed increases via changes in functional mechanisms regulating Ca 2ϩ kinetics, while in later stages, structural remodeling in the Ca 2ϩ -handling system (e.g., increased expression of Ca 2ϩ -binding and transporting proteins) increases in importance. However, such changes have not been detected so far.
Fatigability. Weight lifting decreased the fatigability of FF units within the initial 15 s of intermittent contractile activity, and then the force was maintained at a higher level up to 1 min. Moreover, FR MUs acquired the ability to potentiate their forces during the 1st min of repeated activity. It has been reported that, in this type of effort, there is a progressive increase in ATP supply from anaerobic glycolysis accompanied by a decrease in ATP resynthesis from creatine kinase reaction, resulting in lower total ATP supply per unit of time in contracting muscles, contributing to their fatigue (28) . There is some evidence that relatively short heavy resistance training increases the activity of some enzymes, including those responsible for glucose phosphorylation, i.e., hexokinase (49) , and glycolysis, i.e., phosphofructokinase (14) . Such training also increases glycogen storage capacity (1). It is thus possible that improved fatigue resistance of FF MUs could result from increased anaerobic capacity within the trained skeletal muscle motor units (3) . When considering the factors contributing to the enhancement of fatigue resistance, one should also not neglect the effect of a training-induced increase in muscle efficiency, as recently discussed by Grassi et al. (21) . Weight lifting might also increase activity-depended force potentiation in both FF and FR MUs, since fatigue and potentiation are closely related processes during the early period of activity (19) .
Muscle fiber functional plasticity. The expression of distinct types of MyHC isoforms in skeletal muscle constitutes a molecular basis of muscle fiber functional diversity and plasticity (7). However, chronic nerve stimulation experiments (43) and adaptations resulting from endurance training (23) have demonstrated that modifications in the contractile regulatory and the energy metabolism systems occur much earlier than myosin isoform transformation (27) . This study provides further evidence that, at an early stage of dynamic resistance training, adaptive changes in force production capacity, contractile kinetics, and fatigability occur before any transition in muscle MyHC isoforms can be detected. This suggests that, similar to the abovementioned forms of increased activity, a change in the MyHC profile may not be a prerequisite for modifications to the systems responsible for force production, the regulation of contractile kinetics, and the energetic characteristics of muscle fibers.
Functional considerations. During the introduced exercise program, the loading increased weekly, initially from 70% to 85% of 1 RM in the final 2 wk of the study. It is known that, during normal strong muscle contractions, the upper limit of recruitment of motor units is on the level of 85% of the maximum voluntary force, but recruitment thresholds of motor units decrease progressively with increase in the speed of contraction (15) . Moreover, discharge rates of MUs increase in sigmoid fashion with increase in muscle force during static and dynamic contractions (32) . The results of the present study suggest that slow and less fatigable fast (F 0.25-1.00 ) MUs were probably highly activated during lifting attempts, which resulted in a considerable increase in their maximum forces and shortening of twitch contraction time parameters. Chronic intermittent muscle activation experiments have shown that high-frequency phasic neural activation and high-force muscular contractions induce such modifications (20, 33) . Because the exercise loading expressed as a percentage of 1 RM increased during the training period, it is also possible that the strongest and most fatigable fast MUs (F 0.00 -0.25 ), composed of type IIb muscle fibers (36) , were occasionally activated during lifting exercises, since we observed that, after the training, these units increased the ability to potentiate the force during the initial phase of the fatigue test.
Dynamic strength training has been shown to increase MU discharge rates during submaximal contractions in adult subjects (50) . During normal motor behaviors, submaximal contractions are governed by weaker lower-threshold MUs, which tend to be more fatigue resistant (47) . Thus, the adaptive rightward shift of the force-frequency curve found in FR MUs can act as optimization of rate coding of force when lowerthreshold MUs operate at increased submaximal discharge rates. In addition, the modulation of firing rates by MUs with shorter twitch contractions would allow for a gradation of force in more discrete steps, especially if the range of firing rate modulation is expanded. However, weight lifting did not modify the force-frequency relation of slow and FF MUs in the upper region of the force-frequency curve. Thus, an adaptive increase in maximum discharge rates of MUs during maximal voluntary muscle contractions reported after resistance training (13) , which can be a response to the increased excitability of motoneurons partly mediated by the descending monoaminergic input (17) , could be one of the functional mechanisms enabling an increase in the maximum force-generating capacity of slow and FF MUs.
In conclusion, this study, for the first time, documents adaptations in the contractile properties of MUs to short-term volitional resistance training, showing that 1) in the subpopulation of fast intermediate units, the maximum force increases more than in the most fatigue-resistant units while it is not altered in the strongest and most fatigable units; 2) the speed of the twitch contraction increases in only the most fatigue-resistant MUs while halfrelaxation time decreases in the intermediate and most fatigueresistant subpopulations of fast units; 3) slow MUs also respond with a substantial increase in the maximum force and speed of contraction; and 4) the force of FF units declines less within the initial 15 s while the force of FR units potentiate within the 1st min of repeated contractile activity. These physiological adaptations occur before detectible changes are observed in muscle MyHC isoforms and Ca 2ϩ -handling gene expression. The contractile modifications observed at the early stage of resistance training are a sort of functional optimization of MUs to the demands imposed by weight lifting.
